Recent studies have revealed significant efficacy of the marine sponge glycolipid, ␣-galactosylceramide (␣-GalCer), in treatment of experimental metastatic cancers, infections, and autoimmune diseases. However, the capacity of ␣-GalCer to prevent tumor development had never, to our knowledge, been evaluated in mouse models of chemical-and oncogene-dependent carcinogenesis. In this study, we demonstrate that long-term administration of soluble ␣-GalCer, spanning the time of tumor initiation, inhibits primary tumor formation in three different models: methylcholanthrene-induced sarcomas, mammary carcinomas in Her-2͞neu transgenic mice, and spontaneous sarcomas in p53 ؊/؊ mice. Weekly treatment of mice with ␣-GalCer maintained lymphoid tissue natural killer cell and T cell activation and elevated serum IFN-␥ and IL-4 concentrations. Consistent with the antimetastatic activity of ␣-GalCer, prevention of methylcholanthrene-induced sarcoma was IFN-␥-and tumor necrosis factor-related apoptosisinducing ligand dependent, but not perforin-dependent. Taken together, our results demonstrate that NK1.1 ؉ ␣␤TCR ؉ cell-based immune therapy can inhibit primary tumorigenesis. K RN7000, a marine sponge glycolipid with a novel ␣-galactosylceramide (␣-GalCer) structure, was found to exhibit potent antitumor activity in a variety of experimental and spontaneous tumor metastasis models (1-7). The antitumor effects of ␣-GalCer were first shown to be attributable to natural killer (NK) cell activation and the antigen presentation function of dendritic cells (8). ␣-GalCer was then identified as a ligand presented by CD1d to the invariant V␣14 T cell antigen receptor of mouse NK1. The antitumor activities of ␣-GalCer resemble those of IL-12, and a series of in vitro and in vivo studies (17) (18) (19) (20) have suggested that the initial steps that follow NKT cell TCR and CD1d͞␣-GalCer interaction involve IL-12 secretion by the antigenpresenting cell (21). In addition to these immediate events between NKT cells and dendritic cells, there are a series of consequences downstream, some of which result in the antitumor activity of ␣-GalCer (22-24). ␣-GalCer administration leads to rapid Th1 and Th2 cytokine production by NKT cells, and the activation of NKT cell IFN-␥ production rapidly results in NK cell activation, including further IFN-␥ production, cytotoxicity, proliferation, and CD69 expression (25, 26) . Early NKT cell IFN-␥ production was followed by prolonged (up to 3 days) NK cell IFN-␥ production. NKT cell IFN-␥ secretion alone was insufficient to mediate a significant antimetastatic effect (18, 23, 24) . The sequential production of IFN-␥ by both NKT cells and NK cells was absolutely required to reconstitute the antimetastatic activity of ␣-GalCer (24), and, although the ␣-GalCerinduced NK cell cytotoxicity in vitro was mostly perforin (pfp)-dependent, the antimetastatic effect of ␣-GalCer in several tumor models in vivo was not impaired in pfp-deficient mice. Recently, we have demonstrated that the IFN-␥ produced by NK cells in ␣-GalCer-treated mice reduced tumor angiogenesis (27) .
K RN7000, a marine sponge glycolipid with a novel ␣-galactosylceramide (␣-GalCer) structure, was found to exhibit potent antitumor activity in a variety of experimental and spontaneous tumor metastasis models (1) (2) (3) (4) (5) (6) (7) . The antitumor effects of ␣-GalCer were first shown to be attributable to natural killer (NK) cell activation and the antigen presentation function of dendritic cells (8) . ␣-GalCer was then identified as a ligand presented by CD1d to the invariant V␣14 T cell antigen receptor of mouse NK1.1 ϩ ␣␤TCR ϩ (NKT) cells (6, 9) and the invariant V␣24J␣QV␤11 TCR of human NKT cells (10) . NKT cells have a range of characteristics that distinguish them from conventional T and NK cells (reviewed in refs. 11 and 12) . In particular, upon stimulation, NKT cells have a remarkable capacity to produce immunoregulatory cytokines, including IL-4, IL-10, IL-13, and IFN-␥ (11, 13) , that can powerfully influence the nature of adaptive immune responses. NKT cells also express a wide variety of cell death-inducing effector molecules and have been demonstrated to kill tumor target cells in vitro. Several studies have demonstrated the importance of NKT cells in immunoregulation, tumor immunity, and the prevention of autoimmune diseases in mice (reviewed in refs. 11 and 14-16) .
The antitumor activities of ␣-GalCer resemble those of IL-12, and a series of in vitro and in vivo studies (17) (18) (19) (20) have suggested that the initial steps that follow NKT cell TCR and CD1d͞␣-GalCer interaction involve IL-12 secretion by the antigenpresenting cell (21) . In addition to these immediate events between NKT cells and dendritic cells, there are a series of consequences downstream, some of which result in the antitumor activity of ␣-GalCer (22) (23) (24) . ␣-GalCer administration leads to rapid Th1 and Th2 cytokine production by NKT cells, and the activation of NKT cell IFN-␥ production rapidly results in NK cell activation, including further IFN-␥ production, cytotoxicity, proliferation, and CD69 expression (25, 26) . Early NKT cell IFN-␥ production was followed by prolonged (up to 3 days) NK cell IFN-␥ production. NKT cell IFN-␥ secretion alone was insufficient to mediate a significant antimetastatic effect (18, 23, 24) . The sequential production of IFN-␥ by both NKT cells and NK cells was absolutely required to reconstitute the antimetastatic activity of ␣-GalCer (24), and, although the ␣-GalCerinduced NK cell cytotoxicity in vitro was mostly perforin (pfp)-dependent, the antimetastatic effect of ␣-GalCer in several tumor models in vivo was not impaired in pfp-deficient mice. Recently, we have demonstrated that the IFN-␥ produced by NK cells in ␣-GalCer-treated mice reduced tumor angiogenesis (27) .
Despite the clear activity of ␣-GalCer against transplanted experimental tumors and their spontaneous metastases, ␣-GalCer has been reported to have only modest activity against transplanted primary tumors in the mammary gland or s.c. tissue (7) . The majority of these studies have involved short-term treatment with ␣-GalCer for 1-4 weeks. In this study, we use models in which tumor immunity and IFN-␥ activity have been demonstrated (28, 29) to provide an evaluation of long-term ␣-GalCer therapy in the prevention of chemical-and oncogenedependent carcinogenesis.
Materials and Methods
Mice. Inbred C57BL͞6J (B6) WT mice were purchased from The Walter and Eliza Hall Institute (Melbourne) and Charles River Breeding Laboratories. The following gene-targeted mice were bred and maintained at the Peter MacCallum Cancer Centre (Melbourne): B6 p53 Ϫ/Ϫ mice (backcrossed for Ͼ20 generations to B6) originally obtained from Alan Harris (The Walter and Eliza Hall Institute); B6 pfp-deficient (B6 pfp Ϫ/Ϫ ) mice (targeted in B6 embryonic stem cells; ref. 30); B6 IFN-␥-deficient (B6 IFN-␥ Ϫ/Ϫ ) backcrossed to B6 for 10 generations from Genentech (31); B6 tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-deficient (B6 TRAIL Ϫ/Ϫ ) backcrossed to B6 for 5 generations (7); and B6 pfp Ϫ/Ϫ IFN-␥ Ϫ/Ϫ mice bred as described (32) . BALB͞c mice overexpressing the transforming activated rat Her-2͞neu oncogene driven by the mouse mammary tumor virus promoter (BALB-neuT mice) (33), B6 WT, and B6 WT ϫ BALB-neuT F1 (CBf1-neuT) were maintained and bred at the Department of Clinical and Biological Sciences (University of Turin, Italy). monitored until a first tumor exceeded an average diameter of 10 mm, at which time mice were killed for humane reasons. Probability significance of differences in tumor incidence was evaluated by the Fisher's exact test, and differences in tumor͞ mouse ratios (multiplicity) were evaluated by using a MannWhitney U test. founder parent pairs were used to generate progeny, and both vehicle and ␣-GalCertreated groups comprised Ϸ50% male and 50% female mice. All mice were bred and maintained in a specific pathogen-free room of the Peter MacCallum Cancer Institute. Mice used in the study were monitored for health and weighed twice weekly. Any mouse with an abnormality (palpable mass, abdominal distension, weight loss Ͼ10%, ruffled fur) was killed, its age was recorded, and a postmortem analysis was performed. Spleen, liver, thymus, and lymph nodes were routinely examined by histology after fixing these tissues in formalin and, on occasion, also fresh frozen. Mean life span Ϯ SEM was calculated, and probability of significance was determined by using a MannWhitney U test. The significance of proportions of tumors was calculated by using a Fisher's exact test.
Methylcholanthrene (MCA)-Induced Sarcoma. Groups of 15-20 male mice were inoculated s.c. in the right hind leg with 0.1 ml of corn oil containing 400 g of MCA (Sigma), and mice were monitored weekly for the development of fibrosarcoma as described (29) . The growth of some MCA-induced fibrosarcomas initiated in vehicle-treated or ␣-GalCer-treated B6 WT mice was monitored weekly and measured by a caliper square along the perpendicular axes of the tumors. The data were recorded as the mean tumor size (cm 2 , product of the two perpendicular diameters) Ϯ SEM. Tumor-free mice did not develop sarcomas beyond 180 days.
␣-GalCer and IL-12 Treatment Protocols. ␣-GalCer was kindly provided by Kirin Pharmaceutical Research Laboratories (Gunma, Japan) and prepared as described (24) . Mice received 2 g of ␣-GalCer (unless indicated in the Figure legends) in 0.2 ml i.p. A group of B6 WT mice was also treated weekly with 2 g of ␣-GalCer i.p., and their spleen and liver mononuclear cells (MNC) and serum were collected. IL-12 (Genetics Institute, Cambridge, MA) suspended in PBS supplemented with 0.01% mouse serum albumin (Sigma) was administrated i.p. Mice received 5-day courses of 100 ng of IL-12 every 4 weeks from 5 weeks of age until 29 weeks of age.
Flow Cytometric Analysis. MNC were collected 24 h and 7 days after each ␣-GalCer or vehicle injection, prepared, and phenotyped on a FACSCalibur (Becton Dickinson) by three-color flow cytometry as described (18) . All staining reagents [biotinylated isotype-matched control mAbs, anti-CD69 (H1.2F3), anti-CD8 (53-6.7) mAb; PE-conjugated anti-NK1.1 (PK136) mAb, CyChrome-conjugated anti-CD3 mAb (17A 2) and FITCconjugated streptavidin] were obtained from PharMingen.
ELISA. Sera were collected 4 h, 24 h, or 7 days after each i.p. injection (on day 0, 7, 14, 21, or 28) of ␣-GalCer or vehicle. IFN-␥ and IL-4 levels in the serum were evaluated by using specific ELISA kits (OptEIA Mouse ELISA kit, PharMingen) according to the manufacturer's instructions.
Results and Discussion
␣-GalCer Protects Mice from Carcinogen-Induced Fibrosarcoma. A number of previous studies have addressed the importance of tumor immunity by inoculating mice with the chemical carcinogen MCA (28, 32, 34, 35) . In addition, similar studies have defined an important protective role of both NKT and NK cells (29, 36) . A network of events between NKT cells and NK cells has been inferred from further experiments using experimental tumors derived from MCA-inoculated mice (37) . Some immunotherapeutic approaches have also been assessed in this carcinogen model, including long-term administration of recombinant IL-12 (38) . To evaluate the antitumor activity of ␣-GalCer in this model, we initially tested the most effective means of weekly treatment by initiating therapy before, at the time of, or after MCA inoculation. As described (35) , a dose of 400 g of MCA was inoculated to ensure that most vehicle-treated B6 WT mice would succumb to sarcoma formation (Fig. 1a) . More than 50% of mice that received 2 g of ␣-GalCer weekly for 10 weeks after MCA inoculation (days 0-70) remained tumor-free after 250 days (Fig. 1a) , demonstrating that ␣-GalCer could prevent the initiation of sarcoma by MCA. Surprisingly, mice that received ␣-GalCer from 4 weeks to 14 weeks after MCA inoculation were also similarly protected, suggesting that stimulation of the host immune system immediately after MCA inoculation was not critical to prevent tumor initiation. These data demonstrate that ␣-GalCer can prevent tumor initiation, and the level of protection compares favorably with IL-12 treatment that has been shown under similar conditions to delay, but not prevent, sarcoma induction (38) . In concert with these data, mice that received ␣-GalCer from only days 0-28 also displayed a significant delay in the onset of MCA-induced sarcoma and some reduction in sarcoma frequency. By contrast, mice that were pretreated with ␣-GalCer from day Ϫ28 through day 0 displayed only a minor delay in the onset of tumor induction and the same incidence of sarcoma as vehicle-treated mice (Fig. 1a) .
In a parallel experiment, another group of B6 WT mice were inoculated with 400 g of MCA, and ␣-GalCer treatment commenced in each mouse only when sarcoma was palpated for the second successive week. ␣-GalCer did not significantly reduce the growth of sarcomas in B6 WT mice compared with the growth of sarcomas in untreated B6 WT mice (P ϭ 0.1649), and no tumors regressed in size (Fig. 1b) . These data suggest that MCA-induced sarcomas established in WT mice were quite refractory to ␣-GalCer treatment, a finding in keeping with previous observations of natural immunoselection of resistant tumor variants (29, 39) . A dose-response experiment performed with ␣-GalCer treatment for 10 weeks after MCA inoculation revealed that a dose of ␣-GalCer as low as 0.5 g weekly still prevented tumor initiation; however, lower doses were less effective (Fig. 1c) .
Given the immunomodulatory properties of ␣-GalCer, we assessed the activation, cytokine production, and expansion of lymphocyte subsets after single and multiple weekly injections of 2 g of ␣-GalCer (Fig. 2) . Consistent with previous reports (25) , both NK cells and T cells expressed the very early activation antigen CD69 within 24 h of ␣-GalCer administration (data not shown), and CD69 expression was persistent for at least 7 days after the first and subsequent (up to five) ␣-GalCer inoculations (Fig. 2a) . In particular, the proportion and number of NK cells was elevated in the liver (Fig. 2b) after one ␣-GalCer treatment, and greater proportions and numbers of CD8 ϩ T cells were observed in the liver after multiple (five) treatments (Fig. 2b) . Very similar activation and expansions were obtained for NK cells and CD8 ϩ T cells in the spleen, which is a reflection of the effect of chronic ␣-GalCer treatment on the systemic immune system (data not shown). Greatly elevated levels of serum IFN-␥ and IL-4 are a hallmark of early NKT cell activation, and these cytokines were detected within 4 h of the first ␣-GalCer treatment (Fig. 2c) . NK cells have been shown to produce high levels of IFN-␥ several days after NKT cell activation by ␣-GalCer (18). Interestingly, both IFN-␥ and IL-4 remained elevated in the serum for at least 7 days after each subsequent treatment, and levels were further increased with each treatment, consistent with continued NKT cell, NK cell, and T cell activation (Fig. 2c) .
Overall, these data demonstrate the ability of chronic ␣-GalCer administration to maintain NK cell and T cell activation, expansion, and cytokine production.
To further elucidate the importance of effector molecules in ␣-GalCer suppression of MCA tumor induction, the 10-week (days 0-70) treatment regimen was examined in mice deficient for TRAIL, pfp, and͞or IFN-␥ (Fig. 3) . Despite the fact that both pfp and IFN-␥ are important in natural immunity against MCA-induced sarcoma (32) , at a dose of 400 g of MCA all vehicle-treated mice developed sarcomas with similar kinetics, regardless of genotype. In concert with previous studies in experimental metastasis models (18, 24) , the immunotherapeutic activity of ␣-GalCer critically required IFN-␥, was to some extent dependent on TRAIL, and was not dependent on pfp (Fig. 3) . These data suggest a common mechanism of action of ␣-GalCer in suppression of tumor initiation and metastasis.
␣-GalCer Controls the Onset and Malignancy of Oncogene-Driven
Malignancy. The Her-2͞neu oncogene is overexpressed in a substantial proportion of human mammary carcinomas, and this overexpression correlates with particular aggressiveness (40) . In Her-2͞neu transgenic mice (BALB-neuT and CBf1-neuT mice), mammary carcinogenesis progresses through atypical hyperplasia to in situ lobular carcinoma and finally to invasive carcinoma (33), mimicking the progress of the human disease (41) . We tested the ability of ␣-GalCer to delay mammary carcinogenesis by treating CBf1-neuT mice with 2 g every 4 weeks from 5-29 weeks of age. This regimen was used to compare the efficacy of ␣-GalCer with that of IL-12, which was tested by using a similar monthly treatment protocol. Although CBf1-neuT mice treated with vehicle developed a palpable tumor in all 10 mammary glands by 36 weeks of age, ␣-GalCer both delayed the appearance of the first tumor (Fig. 4a) and reduced tumor multiplicity (Fig. 4b) . In particular, all vehicle-treated mice developed one tumor by week 25, whereas two ␣-GalCer-treated mice were still tumor-free at week 31. At 36 weeks, ␣-GalCer-treated mice presented a mean of only 7.6 mammary glands with tumors. The level of inhibition by ␣-GalCer compared favorably with the efficacy of IL-12 in this model, in which all IL-12-treated mice had one palpable tumor at 30 weeks (versus 33 weeks for ␣-GalCer), and at 34 weeks IL-12-treated mice had a mean of 4.8 tumors (versus 6.8 tumors for ␣-GalCer-treated). Extensive testing of earlier time points and more regular treatment will be required to make a direct comparison of their efficacy. ␣-GalCer also demonstrated only modest activity against established mammary carcinomas from female BALB͞c-neuT transgenic mice when they were transplanted s.c. into female BALB͞c WT mice (data not shown).
␣-GalCer Controls Specific Malignancies Caused by Tumor Suppressor
Loss. p53 mutations are found in 50-55% of all human cancers (42) , and humans heterozygous for p53 have been defined in Li Fraumeni families (43) . p53 gene-targeted mice are developmentally normal, but they develop a range of different tumors of epithelial, stromal, or hematopoietic origin, depending on their genetic background and whether one or two alleles are mutated (44, 45) . In concert with previous studies of C57BL͞6 p53 Ϫ/Ϫ mice (46) , approximately one-third of vehicle-treated mice developed thymic lymphomas, disseminated lymphomas, or sarcomas, whereas a minority (2 of 44) succumbed to other tumors (Fig. 5) . ␣-GalCer was administered weekly from 4 weeks of age, and of the mice that developed sarcomas (13 of 44), the onset of growth was significantly delayed (192.6 Ϯ 6.1 days) compared with vehicle-treated mice (147.1 Ϯ 8.3 days; P ϭ 0.0005). There was no apparent difference in the types of sarcomas arising in these groups (angiosarcoma, osteosarcoma, leiomyosarcoma). No significant delay in the mean onset of disseminated lymphomas (␣-GalCer-treated, 210.1 Ϯ 6.8 days and vehicle-treated, 186.8 Ϯ 10.2 days, P ϭ 0.0848) and thymic lymphomas (␣-GalCer-treated, 163.5 Ϯ 11.7 days and vehicle-treated, 158.6 Ϯ 12.6 days) was observed in ␣-GalCer-treated mice (Fig. 5) . It is not yet clear whether inoculated ␣-GalCer can effectively access the thymus, but it appears that NKT cell and NK cell secretion of IFN-␥ is not as effective in suppressing lymphoid tumors compared with localized tumor masses. It is of interest that ␣-GalCer has considerable activity in preventing or delaying tumor initiation in two different models of spontaneous sarcoma formation. Although previous data support an antiangiogenic activity of ␣-GalCer through NK cell IFN-␥ secretion (27) , it remains to be determined whether sarcoma induction is particularly sensitive to control via angiogenesis. Further investigation into the molecular role of IFN-␥ in these types of malignancies should be of great interest.
Conclusions
Recent preclinical studies have revealed significant efficacy of the marine sponge glycolipid ␣-GalCer for treatment of metastatic cancers and infections (6, 7, 47, 48) and for the prevention of autoimmune diseases (14) (15) (16) . These findings suggest that appropriate stimulation of NKT cells could be exploited for modulation of human diseases. Nevertheless, the capacity of ␣-GalCer to inhibit tumor initiation had never, to our knowledge, been evaluated in mouse models of chemical-and oncogene-dependent carcinogenesis. In this study we demonstrated that weekly long-term administration of soluble ␣-GalCer prevented MCA-induced sarcoma and delayed the development of Her-2͞neu mammary carcinomas and some spontaneous tumors in p53 Ϫ/Ϫ mice. Although the latter tumors were only delayed in appearance, these examples are all aggressive models of carcinogenesis in which tumor development was completely predestined. Loss of both p53 alleles in all tissues, or expression of the Her-2͞neu oncogene in the mammary gland, are two of the most extreme transforming events that can be inflicted on such cells. It is possible that ␣-GalCer can prevent sarcoma development in some p53 ϩ͞Ϫ mice, but these experiments remain to be performed. A 2-g dose of ␣-GalCer exceeds the dose required for optimal NKT cell activation in vivo in a single treatment, although clearly 2 g weekly was more effective than 0.5 g weekly in the MCA-induced sarcoma model. Both ␣-GalCer and IL-12 have dose-limiting toxicities in mice that would be approached when further increasing the treatment dose or frequency to more than once weekly. ␣-GalCer should be evaluated in additional mouse models of cancer as they become available, but our study has demonstrated the important principle that tumor initiation can be delayed or prevented (depending on the type and strength of the oncogenic event) by early ␣-GalCer treatment.
Despite previous observations that repeated soluble ␣-GalCer administration may anergize NKT cell IFN-␥ production (49), NK cell and T cell activation was maintained, and the efficacy of weekly ␣-GalCer injections compared favorably with a variety of different IL-12 regimens used in the same models (33, 38, 50) . Importantly, high sustained serum IFN-␥ and IL-4 levels were achieved, and these cytokines may have been critical in obtaining protection from spontaneous tumor development (51) . The dependence of ␣-GalCer activity on IFN-␥, but not pfp, suggests that this compound inhibits both tumor initiation and metastasis by similar mechanisms. ␣-GalCer did not require IL-4 to mediate antimetastatic activity (24) ; however, it remains to be examined whether chronic elevation of IL-4 levels plays any role in preventing tumor initiation. Future experiments are required to dissect the activated lymphocyte populations that sustain serum IFN-␥ and IL-4 levels after chronic ␣-GalCer administration. Clearly, IFN-␥ induction up to 4 weeks after MCA inoculation was still sufficient to suppress tumor development. In many models in which ␣-GalCer treatment suppresses tumor metastases or growth (e.g., B16 melanoma, Renca renal carcinoma), treatment with recombinant IFN-␥ is somewhat effective, but limited in these models by short half-life and toxicity (52, 53) . We believe the antitumor activity of ␣-GalCer cannot be mimicked in chronic treatment models by simple IFN-␥ administration, and the cellular context of IFN-␥ production is most likely relevant to the efficacy of ␣-GalCer. Although short-term soluble ␣-GalCer appears to inhibit metastases by an acute activation of NK cell function, it remains to be determined in long-term studies whether chronic ␣-GalCer treatment suppresses tumor initiation by NK cell activation and͞or cytotoxic T lymphocyte induction. Previous experimental tumor models suggested that ␣-GalCer stimulated NK cell and CD8 ϩ T cell antitumor activity after NKT cell activation. At this stage, we can only assume that these same effector cells play a role in delaying tumor formation in p53
and Her-2͞neu transgenic mice after ␣-GalCer treatment.
␣-GalCer is only a surrogate ligand for NKT cells, and the natural ligands that stimulate the antitumor and other activities of these cells remain an important unsolved mystery. Nevertheless, we have shown that powerfully stimulating NKT cells can be a viable means of delaying chemical-and oncogene-driven carcinogenesis. Clinical trials using soluble ␣-GalCer have commenced in humans with solid tumors (54) , and there are several possibilities for the manipulation of NKT cells for tumor immunotherapy in humans. In particular, experimental studies in mice have illustrated that dendritic cells pulsed with ␣-GalCer more effectively induce antimetastatic activity than simple short-term ␣-GalCer administration, impressively inhibiting 7-day-established B16 melanoma nodules (49, 55) . B16 melanoma is particularly sensitive to NK cells, and it will now be important to compare the efficacy and mechanism of soluble ␣-GalCer and dendritic cell pulsed ␣-GalCer in these chemical-and oncogene-dependent carcinogenesis models. Given the aggressive and suppressive functions of these cells, caution must be taken in their application (13) . In addition, humans appear to have proportionally fewer NKT cells than mice; therefore, establishing a treatment regimen that similarly activates human NKT cells in patients remains a future challenge. 
